1 Introduction Plasmonic nanoantennas have become a subject of considerable interest [1] [2] [3] . Numerous intriguing applications of nanoantennas in areas as diverse as optical and quantum communication, nonlinear optics, sensing, and photovoltaics have been discussed [3] . Arrayed nanoantennas like Yagi-Uda architectures downscaled to nanometer dimensions are particularly suited for such applications because they offer high directivity [4] and strong emission enhancement at the same time [5] . However, classical Yagi-Uda nanoantennas are intrinsically narrowband, creating the need for new antenna concepts able to provide broadband functionality. Indeed, broadband nanoantennas open up novel opportunities for high-bandwidth wireless on-chip communication [6] , spectroscopy [7] , surface-enhanced Raman scattering [8] , and light harvesting devices [9] . Furthermore, tapered nanoantennas in particular have been predicted to provide a high directivity over a wide spectral band [6, 10, 11] and, in addition, to offer completely new functionalities like multichannel sensing [12] and cascaded four-wave mixing [13] , that require only simple excitation from the far-field [13] .
In this Letter, we demonstrate the experimental realization of this new design of tapered Yagi-Uda optical nanoantenna, and confirm its large spectral bandwidth by farfield optical spectroscopy. In doing this we are furthermore able to obtain indirect information about the near-field interactions between the individual antenna elements, as these lead to a characteristic double-dip line shape of the far-field spectra. A schematic view of the considered nanoantenna architecture is shown in Fig. 1 . The nanoantenna consists of a reflector, a principal feed element, and an array of equally spaced directors. The length of the feed element f L is adjusted to be resonant at the principal operation wavelength of the nanoantenna. The reflector element has a length of r f 1 25 .
The length of the director elements is slowly tapered along the length of the antenna. For a lin- This results in strong interaction between the antenna elements and furthermore makes the antenna compact and favorable for high-density integration on a photonic chip. However, at the same time, the close center-to-center distance (80 nm compared to 175-200 nm in Ref. [5] ) of neighboring nanoantenna elements poses a significant challenge for current nanofabrication techniques, which gave rise to doubts regarding the actual realizability of this theoretically high yielding new design.
Experimental results
In experiment we fabricate this broadband Yagi-Uda design using electron-beam lithography (EBL) followed by evaporation of 50 nm of gold and a lift-off procedure. We have optimized EBL resolution by low-temperature development of the exposed PMMA films at -10 °C. Our nanoantennas consist of 21 nanorods corresponding to a total nanoantenna length of 1 6 μm.
. As a substrate we have used glass covered with 7 nm of indium tin oxide (ITO). In order to allow for assessment of the optical sample quality by means of farfield spectroscopy we have arranged a large number of nominally identical nanoantennas in a two-dimensional array [see Fig. 2(a) ]. The center-to-center distance between neigh-boring antennas is 1 μm in x-direction and 2 5 μm . in y-direction. We have chosen a taper angle of 6.6 degrees, which has been predicted to optimize the antenna's directionality [10] . The length of the feed element is set to f 235 nm L = in order to tune the nanoantenna's far-field resonant features to appear within the range of high sensitivity of our characterization setup. Figure 2(b) shows close-ups of typical individual nanoantennas (i-iii) for different nanorod widths corresponding to different exposure doses during EBL. As a reference we have also fabricated arrays of the same nanoantenna structure but without the reflector and without the taper. Close-up electron micro- graphs of such reference structures (iv-vi) for three different nanorod widths are shown in Fig. 2(c) .
In order to assess the far-field optical properties of the fabricated structures we collect normal-incidence linear-optical transmittance spectra using a white-light spectroscopy setup. Figure 3(a) shows the transmittance through the array of tapered nanoantennas (sample iii) for two orthogonal linear polarizations of the incident light. A broad resonance with a distinct non-Lorentzian shape can clearly be identified for light polarized in x-direction. In contrast, the transmittance for y-polarized light is close to unity, because in this configuration no resonance can be excited in the nanoantenna elements in the probed spectral range. In Fig. 3(b) we plot the corresponding data for the reference structures without tapers fabricated with the same exposure dose (sample v). Again we find a resonance for the incident light polarized in x-direction, which however, has a qualitatively different shape: it is narrower and more pronounced as compared to the tapered structure. For y-polarization the transmittance is again close to unity. We have furthermore measured the transmittance spectra for both tapered and untapered nanoantenna arrays with different nanorod diameters. These results are given in Fig. 3(c) , (d) and show a clear red shift of the resonance position with decreasing nanorod width while the observed resonance line shapes and their strengths are preserved. 235nm, L = 80 nm, w a + = 50 nm, h = ITO thickness 7 nm) using CST Microwave Studio. The frequency-dependent refractive index of gold was taken from Ref. [14] . The refractive indices of ITO and glass were chosen as 1.8 and 1.5, respectively. Aiming at qualitative analysis, we absorb the effect exerted on the resonance position by all fabrication imperfections (e.g., rounded edges, gold migration effects) and measurement/process inaccuracies in the nanorod width a, fixing it to 10 nm. a = This leads to a good agreement between the experimental and theoretical values of the resonance frequency for samples iii and v. Figure 4 shows the simulated transmittance spectra of the tapered nanoantennas (a) and reference structures (b). For x-polarization we observe that the positions and the ratio of the depths of the resonances are in good agreement with the experiment [ Fig. 3(a), (b) ]. Good qualitative agreement is also found between the theoretical and the experimental spectra for y-polarization. For both structures a double-dip in the transmittance line shape is observed in the calculated spectra for x-polarization. To unveil the origin of this double-dip shape we have calculated the magnitude of the electric field vector in the x-y plane at the center of the gold nanorods for those excitation wavelengths for which the minima are observed. These results are shown in the insets of Fig. 4 . Obviously, the double-dip line shape originates from completely different mechanisms in the two structures. For the tapered nanoantenna the electric fields are tightly concentrated at opposite ends of the structure for the two different minima. This indicates that the double-dip spectrum, which is also visible in the experimental data for the tapered nanoantennas [compare Fig. 3(c) ], is directly connected to the nanoantennas' broadband functionality and the decrease of the nanoantenna's effective length with decreasing wavelength [11] .
For the reference structure, on the other hand, no such wavelength-dependent spatial light concentration can be observed. Instead, the electric-field profiles suggest that the double-dip line shape is due to a Fabry-Perot resonance caused by reflections at the edges of the finite plasmonic chain. This explanation is backed up by the fact that we do not observe a double-dip line shape in simulations performed for an infinite plasmonic chain. In the experimental spectra only a slight distortion of the transmittance line shape from a typical resonance shape is found. This is best visible in the blue curve of Fig. 3(d) , and is consistent with strong damping to be expected for a FabryPerot type effect based on propagation in a plasmonic chain.
Conclusions
In conclusion, we have fabricated arrays of tapered Yagi-Uda nanoantennas consisting of linearly scaled nanorods arranged as a deep-subwavelength chain. We experimentally confirm their wide spectral band width and characteristic double-dip line shape by far-field scattering measurements. On the contrary, a fundamentally different behavior is observed for corresponding measurements of untapered reference structures. Our results are in good agreement with full-vectorial numerical calculations that further demonstrate the near-field origin of the observed spectral features.
